The origin of the displacement of the Fe atom in deoxymyoglobin with respect to the porphyrin plane in the high-spin state is examined by a qualitative molecular orbital (MO) analysis on the extended Hückel level. We find that attachment of a fifth ligand (imidazole in our model complex) to Fe ( 
Introduction
Tetrapyrrole macrocycles represent an important class of ligands in biological systems due to their ability to bind metal ions thus forming metalloporphyrins. Well-known examples are hemoglobin, myoglobin, chlorophyll, cytochromes and peroxidase which play an important role in the transport, storage and redox reactions of molecular oxygen in organisms. There have been extensive efforts to design model systems which mimic the biological functions of metalloporphyrins [1, 2] . Theoretical studies on the electronic structure of metalloporphyrins and models for the corresponding functional units in biological systems are also abundant [3 -32] . The electronic structure investigations published in the past three decades cover a range from one-electron models of the extended Hückel (EH) type over semiempirical single-and many-determinantal approaches to ab initio methods. The improved computational efficiency achieved in recent years rendered possible complete active space self-consistent-field (CASSCF) calculations [24, 25] Reprint requests to Prof. Dr. Sighart F. Fischer; FAX: +49 89 2891 2444, Phone: +49 89 2891 2373.
0932-0784 / 98 / 0900-0755 $ 06.00 © Verlag der as well as density functional studies coupled to a Car-Parrinello molecular dynamics [30] . Both the CASSCF [24, 25] and earlier semiempirical studies of the many-determinantal type have shown the importance of electron correlation in dioxygen heme complexes. In those systems, a single determinantal wavefunction does not allow a quantitative description of all aspects of the corresponding electronic structure. Inspection of the literature shows that even highly advanced electronic structure calculations still leave open questions in our understanding of electronic structure effects of metalloporphyrins. These have been the main motivation of the present model study which has the intention to demonstrate the utility of simple molecular orbital (MO) concepts in the qualitative understanding of certain bonding properties in metalloporphyrins. Such an approach is of particular interest if it leads to an explanation of experimental observations. Experimental information on the electronic structure of iron porphyrin complexes and related biological units is obtained from Mössbauer spectroscopy [33] [34] [35] [36] . The experimentally observed gradients of the electric field at the nuclear site of the iron ion can be fitted using a phenomenological crystal-field ft für Naturforschung, Tübingen • www.znaturforsch.com
Hamiltonian including spin-orbit coupling [33] [34] [35] [36] . However, it is sometimes difficult to fit the experimental results by a unique set of model parameters. Moreover, the sensitivity of the Mössbauer spectra to the variation of structural parameters is not always guaranteed. It has been assumed for quite a long time that small displacements of the iron with respect to the porphyrin plane would not significantly affect the electric field gradient at the iron nucleus [12] . Although Mössbauer spectra are a valuable source of information on the electronic structure of iron complexes it remains a difficult task to establish a clear relationship between the experiments and the results of theoretical calculations.
The distance between the iron atom and the plane of the porphyrin unit in myoglobin and hemoglobin is an important structural parameter which determines the ability to bind ligands like CO or 0 2 . It is generally assumed that the quarternary structure of hemoglobin leads to a cooperative effect induced by the attachment of an 0 2 ligand to one of the four heme units. This process triggers a structural transition from the so-called T-to the R-form of the heme, thus facilitating the attachment of additional 0 2 ligands to the remaining hemes of the quarternary unit [37] . This increased affinity to oxygen binding is due to a reduction of the distance between the Fe atom and the porphyrin plane accompanying the structural transition from the T-to the R-form.
It is well-known that deoxymyoglobin has a highspin (5 = 2) ground state with four unpaired electrons mainly localized on the iron. Even if it is clear that an out-of-plane shift of the Fe atom and the corresponding reduction of the ligand field splitting will favor the high-spin as compared to low-spin and intermediate-spin states, one may raise the question in the first place why the Fe atom moves away from the porphyrin plane in deoxymyoglobin with a fivecoordinate Fe atom but not in the four-coordinate Fe(II)porphyrin complex. This displacement has previously been ascribed to a non-bonded interaction between the nitrogen lone pair of the imidazole ligand and the lone pairs of the pyrrole nitrogens of the porphyrin [13] . A quantification of this suggestion, however, has not been given. In the present contribution we would like to reinvestigate this question on the basis of semiempirical MO calculations. Due to the violation of the aufbau principle in these compounds, the application of many standard ab initio Hartree Fock black box programs turned out to be unsuitable. Other highly sophisticated techniques [24, 25, 30] may have the disadvantage that transparent interpretations of computational results are difficult. We therefore decided to focus on qualitative arguments of the same type as those used by Hoffmann and coworkers [38, 39] in their transparent analyses of transition metal compounds. Such arguments do not depend on the details of the corresponding computational tool. Thus, the following analysis relies exclusively on MO calculations of the extended Htickel type [38] and a restricted open shell Hartree-Fock (ROHF) version [40] of an intermediate neglect of differential overlap (INDO) Hamiltonian developed for transition metal compounds [41] . Although the present strategy does not lead to results of quantitative accuracy we would like to demonstrate the utility of qualitative concepts for our understanding of the electronic structure of metalloporphyrins. Instead of presenting "exact" numbers we evaluate a general interaction mechanism which is controlled by the symmetry of the atomic orbitals and electronic occupation numbers.
The organization of the present contribution is as follows. In Sect. 2 we describe the results of extended Hückel calculations on a model for deoxymyoglobin. In Sect. 3 the relative energies of the different spin states are analyzed as a function of the distance between Fe and the porphyrin plane using the aforementioned ROHF version [40] of the INDO method of [41 ] . The article ends with a short resume. The computational conditions of the EH calculations as well as an energy fragmentation within the EH formalism are given in an appendix.
Extended Hückel Calculations on a Model for Deoxymyoglobin
Our deoxymyoglobin model is shown in Figure 1 . The terminal groups of the heme have been replaced by hydrogens and the proximal histidine by imidazole for which we assume the geometry of the free molecule [42] . The distances between the center of the porphyrin ring and each of the four pyrrole nitrogens and between Fe and the nitrogen of imidazole are taken as 1.97 and 2.1 A, respectively. Note that the Fe atom is not necessarily located in the porphyrin plane. This topic is the central subject of the following analysis. The coordinate system with its origin in the center of the porphyrin ring has been chosen such that the z axis is perpendicular to the porphyrin plane and that the four pyrrole nitrogens lie on the x and y axes. The imidazole ring is assumed to lie in the xz-plane thus eclipsing two Fe-N bonds as suggested by X-ray structure data for deoxymyoglobin [43] .
We already mentioned the out-of-plane displacement of Fe in the five-coordinate complex denoted as ImFe(II)P in the following and shown schematically in Figure 1 . This displacement, which is not shown in Fig. 1 , leads to a high-spin ground state (5 = 2). The four-coordinate complex Fe(II)porphyrin Fe(II)P, on the other hand, has an intermediate-spin ground state (5=1) with the iron located in the porphyrin plane. One may therefore assume that the fifth ligand plays an essential role for the out-of-plane shift of Fe. It is illustrative to consider the change in the total energy of the complex in the high-spin state as a function of the distance d Fe _ p between the metal and the porphyrin plane for both the five-coordinate model complex ImFe(II)P and four-coordinate Fe(II)P as obtained from extended Hückel calculations. The EH papameters employed are summarized in the appendix. On variation of d Fe _ P we always keep the distance between Fe and the nitrogen of imidazole at a fixed value of 2.1 A, i.e., we move the subunit Fe-imidazole as a whole. The results of the extended Hückel calculations are shown in Figure 2 . The Fe 3d orbital occupation for the high-spin state is (d^.) 2 
. Although the extended Hückel method cannot be expected to provide quantitative results with respect to variation of geometry parameters the qualitative shape of the curves is interesting. It can be seen that the position of Fe at the energy minimum is outside the porphyrin plane in both cases. However, we observe only a very shallow minimum for Fe(II)P, whereas the minimum for ImFe(II)P is much more pronounced indicating that the presence of the fifth ligand favors the outof-plane displacement of Fe. The extended Hückel calculations for the triplet states of both the four-and five-coordinate complexes (not shown here) yield an equilibrium position of the iron in the porphyrin plane. We will elucidate these structural features on the basis of a qualitative MO analysis in the following. to the pyrrole nitrogens plays only a minor role and will not be considered here. The metal-ligand bonding is largely determined by the overlap between the N lone pair orbitals given in Scheme 1 and Fe atomic orbitals (AO's) of the same symmetry, i. e., b lg -3d x2 _ y2 , e u -4pj, 4p v and a lg -3d j2 , 4s. The interaction between these ligand and Fe orbitals leads to bonding linear combinations with predominant ligand character which are all doubly occupied. It should be noted that this interpretation is somewhat simplified because the bonding interaction may be spread out over several ligand MO's rather than being concentrated within a single ligand MO for each symmetry. Such a simple two-orbital picture defined by a bonding-antibonding pair provides, however, a convenient short-hand interpretation of the metal-ligand interaction. Of course, the antibonding MO's of this metal-ligand coupling exhibit pedominant metal character. However, with one exception for the high-spin state, these antibonding MO's are not occupied as we will see shortly. To get an idea of the orbital occupation in the different spin states we have to consider the ligand field splitting of the orbitals with predominant metal 3d character as represented schematically in Figure 3 . In four-coordinate Fe(II)P ( Fig. 3(a) ) there are four MO's (d^., d xz , d vz , d_ 2 ) which show only little mixing with ligand orbitals. These MO's remain almost pure metal orbitals and are close in energy; lower set of MO's. The Fe 3d^_ y2 AO, on the other hand, has a favorable overlap with the linear combination of N lone pair orbitals of b lg symmetry shown in Scheme 1 thus interacting more strongly with this symmetry-adapted ligand orbital. This results in an energetic up-shift of the antibonding component of this interaction. Thus, the MO derived from d x2 2 is just one of the aforementioned antibonding MO's with predominant metal character. In the following we will always denote MO's with predominant metal 3d character by the corresponding AO labels.
If we attach the fifth ligand, i.e., imidazole in our model complex, the 3d_ 2 orbital finds also a partner to interact with because it overlaps favorably with the lone-pair orbital of the pyridine-like nitrogen of imidazole. The antibonding MO resulting from this coupling is denoted as d_ 2 in Figure 3b ). Its destabilization is, however, less pronounced than that of d r2 2 (see Figure 3b) ). This is mainly due to a hybridization with Fe 4s and 4p. orbitals which attenuates the antibonding interaction (see below).
The Fe 3d orbital occupations used in our calculations are also given in Figure 3 . In the case of the fivecoordinate complex ImFe(II)P (Fig. 3b) we take the occupation of the ground state for each spin multiplicity as obtained from the INDO calculations described below. Please note that configurations generated via a redistribution of the spins in the MO's d^., In other words, in the present work we discuss a problem in the language of simple MO arguments although the exact orbital occupation of the ground state cannot be determined within this degree of sophistication. This point has been touched upon already in the introduction. The MO d. 2 is always singly occupied whereas d x2 _ y2 is empty in the intermediate-spin and singly occupied in the highspin state. In the case of Fe(II)P (Fig. 3a) we use the same orbital occupations as for the five-coordinate complex for reasons of comparability even if these do not correspond to the ground state.
After having described some of the basic features of metal-ligand interaction and the corresponding ligand-field splitting of the metal 3d orbitals in both Fe(II)P and ImFe(II)P, we would like to investigate how these properties are influenced by a variation of the distance d Fe _ P . It is obvious that an out-ofplane displacement of the iron reduces all overlaps which favor metal-ligand bonding between Fe and porphyrin even if the lowering of the symmtery from D 4h to C 4v allows additional a -it mixing. Thus, the bonding interaction between Fe and the N atoms of porphyrin is expected to be weakened. However, since the Fe-N(porphyrin) antibonding d x2 _ y2 orbital is empty in the intermediate-spin state but singly occupied in the high-spin state, the metal-ligand bonding between Fe and porphyrin and the loss of this bonding resulting from the displacement of Fe is much more pronounced for the former than for the latter. It is therefore not surprising that the energy minimum of the intermediate-spin state is obtained for Fe lying in the plane, whereas the balance of metal-ligand interactions as a function of the distance d Ft _ p is less obvious for the high-spin state.
The extended Hückel MO energies Ei of orbitals with predominant metal 3d character as a function of the distance d Ft _ P are shown in Fig. 4 for both Fe(II)P and ImFe(II)P. First, it should be noted that these energies do not differ significantly for the two compounds except for d, 2 . In both systems, it is the MO d x2 _ v2 which undergoes the most dramatic change as a function of the out-of-plane shift. It looses much of its antibonding character as a consequence of the decreased overlap between d x2 _ y2 and the symmetryadapted b lg linear combination of lone pair orbitals (see Scheme 1) . Of course, the corresponding bonding interaction which can be retrieved in lower-lying MO's with predominant ligand character is also reduced resulting in an energetic up-shift of these orbitals (not shown here). In the high-spin state, this up-shift of the doubly occupied MO's is compensated to a large extent by the down-shift of the singly occupied d x 2_ y2 MO such that the net effect of the Fe displacement on bonding between Fe and the porphyrin ligand MO is much smaller than for the intermediatespin state.
The principal difference between the two compounds is given by the energetic position of the d_ 2 orbital. It is this orbital that must be analyzed in some more detail if we want to understand the pronounced out-of-plane energy minimum of the high-spin state of ImFe(II)P. It can be seen from Fig. 4 that this orbital is considerably higher in energy in the five-coordinate as compared to the four-coordinate complex. The diagram shows that the energy of d z2 as a function of d Ft _ p changes very little for Fe(II)P whereas one observes a considerable down-shift for ImFe(II)P. This is somewhat surprising given the fact that this orbital The energetic down-shift of d" 2 in ImFe(II)P might be explained by a weakening of the antibonding interaction between Fe and N(imidazole) for this orbital. A reduction of the antibonding interaction should strengthen the bond between these atoms. To confirm this hypothesis it will be useful to calculate the diatomic interaction energy of the corresponding metal-ligand atom pair. The definition of such a diatomic bond energy E^ between two atoms A and B is given in the appendix. Using Eq. (9), the bond energy between Fe and the nitrogen of imidazole as a function of the distance d Fe _ P is shown in Figure 5 . It can be seen that there is a considerable strengthening of the Fe-N(imidazole) bonding interaction with increasing d Ft _ p in the five-coordinate complex.
We have already mentioned the important role of the the MO with predominant 3d, 2 character. Thus, we would like to analyze this MO in some more detail. The first order admixture of the a donating N lone pair orbitals denoted as cr p and cr Im for porphyrin and imidazole, respectively, to this MO is antibonding for both ligands. Apart from this dominant mixing, the MO 3d z2 is also slightly hybridized with contributions from Fe 4s and 4p r The coefficients for the Fe 3d. 2 The two elements in the numerator denote overlap integrals 53d 2 -cr or S a _4 S between nitrogen lone pair orbitals (u) and, respectively, Fe 3d, 2 or 4s AO's. The denominator of this expression contains differences between the MO energy levels shown in Scheme 2. It is easily verified that it is negative for both cr p and <7 Im . The product of overlap integrals in the numerator, however, is positive for a lm but negative for cr p (S 3d2 ,_ aim > 0, S 3 d j2 -<j P < 0). This is a consequence of the negative lobe of the 3d r2 AO in the xy-plane. Hence, the two second order mixings of 4s with 3d_ 2 are of opposite sign depending on whether they occur via the porphyrin or via the imidazole ligand. In the latter case, the Fe 4s contribution to 3d, 2 has a negative sign like the first order contribution cr Im so that 4s and a lm interfere in a bonding fashion thus weakening the overall antibonding interaction between Fe and imidazole in the MO with predominant 3d. : character. The opposite effect is observed for the second order mixing of 4s with 3d. : via the porphyrin ligand which enhances the antibonding interaction between Fe and imidazole for the MO 3d_ 2 . An increase of the distance d Fe _ p lowers the overlap integral between <7p and 3d_ 2 but leaves the overlap integral between cr Im and 3d. 2 unchanged. The weight of the second order mixing via the porphyrin ligand is therefore diminished which weakens the antibonding interaction between Fe and N(imidazole) for the MO 3d_ 2 .
It should be noted that our explanation of the rehybridization of the 3d. : MO with 4s is still somewhat oversimplified because the overlap between the p. orbitals of N(porphyrin) and 3d r2 increases from zero to finite values as the iron is moved out of the plane. This additional mixing even enhances the rehybridization described above.
Relative Energies of the Different Spin States, Charge and Spin Distributions
In the preceding section we tried to explain how the attachment of a fifth ligand to Fe(II)porphyrin favors the out-of-plane shift of Fe in the high-spin state. The corresponding considerations are not relevant for the position of Fe in the intermediate-spin state because in this case the weakening of the bonding interaction between Fe and porphyrin resulting from the out-ofplane shift overrides all other effects. Even if the transparency of the extended Hückel method is helpful in a qualitative analysis of the metal-ligand bonding this approach does not give any information on the relative stabilities of different spin states because it does not take into account the exchange stabilization of the high-spin state. The preceding considerations rest on the assumption that the high-spin state of ImFe(II)P is really the ground state for the distance d Ft _ p where the energy hyperface of the high-spin state exhibits a minimum. To clarify this point it is useful to calculate the relative energies of the different spin states as a function of the distance d Fe _ p . This will be done using a ROHF version of an INDO method developed for transition metal compounds [41] . It should be noted at the outset that this method does not provide energy curves of trustworthy accuracy as a function of geometry parameters like the distance d Fe _ p . For example, one does not obtain an out-of-plane energy minimum for the high-spin state. One might also have doubts about the accuracy of semiempirical one-determinantal results for relatively small energy gaps between different spin multiplets. However, it turns out that at least the qualitative behavior of these energy gaps looks reasonable even if the calculated numbers should perhaps not be taken too literally. The INDO model of [41] has already been employed in the study of the energetic splitting of spin multiplets in transition metal complexes [45] .
The states to be considered in the following correspond to the configurations shown in Figure The relative energies of these states as a function of the distance d Ft _ p are shown in Fig. 6 by the full lines for our model complex of deoxymyoglobin. It can be seen that the low-spin state is of no particular interest because its energy is always higher than the energies of both the intermediate-and the high-spin state. For the iron lying in the porphyrin plane we obtain an intermediate-spin ground state as for Fe(II)porphyrin. The out-of-plane displacement of Fe clearly favors the high-spin state so that one observes a level crossing at a distance of ~ 0.3 A with the high-spin state being the ground state for larger distances. Given the fact that the distance between Fe and the porphyrin plane amounts to ~ 0.4 A in deoxymyoglobin [43] , this seems reasonable.
The energetic splitting in Fig. 6 is at variance with those obtained from a Mössbauer fit using a crystalfield Hamiltonian [33] [34] [35] [36] . These latter calculations place the low-spin state in between the high-spin ground state and the intermediate-spin state. In our calculations, the low-spin state remains the energetically highest state even for d Fe _ p = 0 where the probability for a low-spin ground state should be highest. We do not know whether or not this is an artifact of the INDO parametrization adopted. It is clear that the energetic position of the low-spin state relative to the other multiplets is most strongly influenced by the energy of the 3d j2 MO, i. e., by the interaction with the axial ligands. Attachment of a sixth ligand like CO leads to an energetic up-shift of 3d, 2 resulting in a low-spin ground state. Shortening the distance between Fe and imidazole should also enhance the axial interaction thus raising the energy of the 3d, 2 MO. The energy gaps for a reduced distance of 2.0 A between Fe and N(imidazole) are therefore also shown in Fig. 6 (broken line). It turns out that this shortening is not sufficient to change the energetic sequence of the multiplets although it lowers the energy of the low-spin state relative to the intermediate-and highspin states.
It is interesting to compare the energy splittings between the high-spin and intermediate-spin states for ImFe(II)P and Fe(II)P. The energy splitting of the latter is therefore also shown in Fig. 6 as a function of d ¥t _ ? . It can be seen that the energy of the high-spin relative to the intermediate-spin state is always higher for Fe(II)P than for ImFe(II)P. Consequently, the crossing point from an intermediate-to a high-spin ground state is shifted to larger distances (> 0.4 A) for Fe(II)P. Thus, the high-spin state is favored in ImFe(II)P as compared to Fe(II)P no matter if the Fe atom is located in or outside the porphyrin plane. Apart from the arguments presented in the previous section, the decreased high-spin-intermediatespin energy gap in ImFe(II)P also contributes to shifting the energy minimum of the high-spin state (Fe out of plane) below the energy minimum of the intermediate-spin state (Fe in plane).
The net charges of Fe and the porphyrin and imidazole ligands are given in Table 2 Table 2 indicating a shift of ~ 0.1 electron charges. Going from the triplet to the quintet state, yet another electron is shifted from the remaining doubly occupied orbital of the d^, d v , orbital pair to d j2 y2 which has a significant contribution from the porphyrin ligand. Thus, the shift of electron density occurs now mainly from Fe to porphyrin making the former more positive and the latter more negative by ~ 0.3 electron charges.
The distribution of the spin density on Fe, porphyrin and imidazole is shown in Table 3 . Again there is only a minor influence of the Fe position on the computational results. In the case of the triplet, the spin density is mainly concentrated on the iron with the remaining 10% being roughly equally distributed on the porphyrin and imidazole ligands. For the quintet state, we observe an enhanced spin density of ~ 15% on the porphyrin. This is due to the occupation of the d x 2_ v 2 MO which exhibits a considerable mixing with the symmetry-adapted linear combination of the N lone pair orbitals of the porphyrin (b lg in Scheme 1). It should be noted that the spin density on the ligands is almost exclusively localized on the N atoms adjacent to Fe.
Conclusions
In the present investigation we developed a qualitative picture focussing on the influence of the ligand environment on the position of Fe relative to the porphyrin plane in deoxymyoglobin. Even if variation of the distance d Fe _ P influences the MO's in several ways it is possible to single out a dominant effect with respect to the modification of the bonding interaction between Fe and the nitrogen of imidazole. It turned out that the strengthening of this bond is responsible for the out-of-plane shift of Fe which has been observed in X-ray investigations. To a large extent, it is due to a rehybridization of the MO with predominant 3d. 2 character. In order to explain the structural observations it is not necessary to suggest any interaction between nitrogen lone pairs of both ligands. We wish to reemphasize that we are aware of the qualitative character of our model. Nevertheless, we think that our arguments are still valid if we take into account that the environment in realistic heme systems is more complex than that of our simple model system.
In our model, the only variable geometry parameter is the distance between the iron and the porphyrin plane, whereas the distance between Fe and imidazole remains fixed. However, if the out-of-plane shift of Fe strengthens the bond between Fe and N(imidazole) it is clear that the corresponding bond distance must be shortened. Thus, there is a coordinated motion of Fe and the imidazole ligand, i.e., the distance Fe-N(imidazole) is shortened if the distance d Ft _ p gets larger, and vice versa. Although the whole complex is embedded into a protein environment of great complexity, such a coordinated motion might explain how the position of Fe relative to the heme plane can be modified by structural changes in the environment. The imidazole ligand is just the terminal group of a large histidine residue. Structural modifications pushing this ligand towards the porphyrin or pulling it away from it would, respectively, increase or decrease the distance d Fe _ p . This is in perfect agreement with the results of Mössbauer fits which give a significantly larger axial ligand field splitting for deoxygenated human hemoglobin [35] than for deoxygenated sperm whale myoglobin [33] . Thus, the distance between Fe and imidazole must be shorter in deoxygenated hemoglobin (tense structure, large d Fe _ p ) than in deoxygenated myoglobin (relaxed structure, smaller d Fe _ p ) in accordance with a model given by Braunitzer et al. [46] . This observation shows that the present study provides a theoretical concept which can be transferred to larger classes of metalloporphyrines.
Although the MO methods applied in this work are not sufficient to provide reliable energy curves as a function of the distance between Fe and the porphyrin plane, they might give us at least some idea on the shape of these curves and how they differ for four-coordinate Fe(II)P and the five-coordinate model complex ImFe(II)P. The curves in Fig. 2 suggest the possibility that the quintet state with the out-of-plane energy minimum is lower in energy than the triplet state with an in-plane energy minimum for the fivecoordinate complex, whereas the reverse holds for the four-coordinate complex. The bond between Fe and the porphyrin ligand is strong in the intermediate-spin state because the Fe-N(porphyrin) antibonding MO with predominant 3d x2 _ y2 character is not occupied in this case. Thus, we are left with a bonding interaction between the ligand orbitals shown in Scheme 1 and Fe orbitals of the corresponding symmetry. The overlap between these orbitals is considerably weakened if the Fe atom is moved out-of-plane so that we expect an in-plane energy minimum for both Fe(II)P and ImFe(II)P. Since the MO 3d z2 is occupied in both the intermediate-spin and the high-spin state, the arguments given above on rehybridization of this MO also apply to the former. In contrast to the high-spin state, however, this rehybridization will not change the qualitative shape of the energy curve in the fivecoordinate complex as compared to the four-coordinate one. The strengthening of the bond between Fe and N(imidazole) might just make the energy curve look more flat for the former. The optimum position of Fe in the high-spin state, on the other hand, is not obtained so easily. Due to the much weaker bond between Fe and N(porphyrin) there is a more delicate balance of the different Fe-ligand interactions. Here the second order rehybridization of the MO 3d_ 2 responsible for the strengthening of the bond between Fe and N(imidazole) influences the qualitative shape of the energy curve. It leads to a pronounced out-ofplane energy minimum for the five-coordinate complex whereas the energy curve for the four-coordinate complex is very shallow with the exact position of the minimum being unclear. These ideas are summarized in the qualitative energy curves shown in Figure 7 . The shape of the energy curves for the high-spin state corresponds to those shown in Figure 2 for Fe(II)P and (c) the gap EQ -E T between high-spin and intermediate-spin states is larger for Fe(II)P than for ImFe(II)P (see Figure 6 ). Although more refined methods are needed to obtain accurate electronic energies, we hope to have grasped some important factors governing the position of Fe in this kind of complexes.
The extended Hückel parameters adopted in the present work are given in Table 4 .
In the following, a definition of the two-center bond energy E^ between two atoms A and B in the extended Hückel method will be introduced. In this approach, the total energy is just given by the sum of the energies of the occupied orbitals:
i £i and rti are, respectively, the energy and the occupation number of the molecular orbital (MO) tpi. Representing the MO's as linear combinations of atomic orbitals (AO's) <j> r : 
Note that N r corresponds to the electronic charge in AO 4> r as obtained by a Mulliken population analysis [48] . The first term on the right hand side of (6) consists of "atomic energy levels" a r multiplied by the corresponding orbital occupation number and represents the energy of the separated atoms in this simple model. The bonding energy of the composite system is given by the second term on the right hand side of (6) and it is this expression we would like to use for a definition of the bond energy between two atoms A and B:
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The bond energies calculated above are obtained from (9) .
